Rising concentrations of atmospheric carbon dioxide have been predicted to stimulate the growth of forest trees. However, long-term effects on trees growing to maturity and to canopy closure while exposed to elevated CO 2 have never been examined. We compared tree ring chronologies of Mediterranean Quercus ilex which have been continuously exposed to elevated CO 2 (around 650 µmol mol -1 ) since they were seedlings, near two separate natural CO 2 springs with those from trees at nearby ambient-CO 2 'control' sites. Trees grown under high CO 2 for 30 years (1964-93) showed a 12% greater final radial stem width than those growing at the ambient-CO 2 control sites. However, this stimulation was largely due to responses when trees were young. By the time trees were 25-30 y old the annual difference in tree ring width between low and high CO 2 grown trees had disappeared. At any given tree age, elevated CO 2 had a relatively greater positive effect on tree ring width in years with a dry spring compared to years with more rainfall between April and May. This indicates a beneficial effect of elevated CO 2 on tree water relations under drought stress. Our data suggest that the early regeneration phase of forest stands can be accelerated in CO 2 -enriched atmospheres and that maximum biomass per land area may be reached sooner than under lower CO 2 concentrations. In our study, high CO 2 grown Q. ilex trees reached the same stem basal area at the age of 26 y as control trees at 29 y, i.e. three years earlier (faster turnover of carbon?). Reliable predictions of the future development of forests need to account for the variable responses of trees over their entire lifetime. Such responses to elevated CO 2 can presently only be assessed at such unique field sites.
Introduction
The increasing concentration of atmospheric CO 2 is highly artificial conditions and relatively short-term supposed to have a multitude of direct effects on exposure to elevated CO 2 . In contrast to these studies, terrestrial plants and ecosystems (Strain & Cure 1985;  commonly showing large positive CO 2 effects on growth, Bazzaz 1990; Mooney et al. 1991; Woodward et al. 1991;  ecosystem-level experiments with model tree communiAmthor 1995; Kö rner 1996) . Increasing CO 2 is expected ties under near natural soil conditions revealed signito increase net primary productivity (NPP) of forest ficant compensatory responses to elevated CO 2 at the ecosystems (Mellilo et al. 1993) and to stimulate the rate canopy and the ecosystem level (Norby et al. 1992 ; of biomass accumulation of trees (reviews by Ceulemans Hättenschwiler & Kö rner 1996) . There is also evidence & Mousseau 1994; Wullschleger et al. 1995) . Current that CO 2 -induced growth stimulation declines with time predictions about the effects of rising CO 2 on forest and age of seedlings (Bazzaz et al. 1993; Norby et al. 1995; growth, however , are still based on data from experiments Lee & Jarvis 1995) , which is of special importance for with isolated tree seedlings or saplings growing under long-lived trees. Hence, it is completely unknown whether CO 2 effects observed with seedlings or saplings reflect CO 2 responses of mature trees. Tree ring chronologies from different parts of the world have shown increases in tree growth over the last 100 years (LaMarche et al. 1984; Hari & Arovaara 1988; Graybill & Idso 1993; Nicolussi et al. 1995; Becker et al. 1995) , and these have been attributed to increases in atmospheric CO 2 from a pre-industrial concentration (280 µmol mol -1 ) to present levels of 360 µmol CO 2 mol -1 . Other tree ring data show no such trends (Kienast & Luxmoore 1988; Briffa et al. 1990; Schweingruber et al. 1993) . It is very difficult to separate possible CO 2 effects from confounding influences of other environmental factors such as regional increases in nitrogen deposition, fluctuations in rainfall, and biotic interactions in long-term dendrochronologies (Graumlich 1991; Becker et al. 1995) .
No data are available on the response of forest trees growing from the seedling stage over several decades to reproductive maturity under twice current CO 2 concentrations. This is unfortunate since trees represent more than 80% of the global biomass carbon (Whittaker & Likens 1975; Atjay et al. 1979; Olson et al. 1983) . Because forest trees play such a major role in the global carbon cycle and can profoundly affect atmospheric CO 2 concentrations, their responses to atmospheric carbon dioxide enrichment need to be known to reliably predict the indicates the area where trees were sampled. For details of the information on long-term (several decades) plant Rapolano CO 2 spring see Kö rner & Miglietta (1994) and van responses to elevated CO 2 . The drawbacks of working Gardingen et al. (1995). with plants in natural CO 2 springs may include uncertainties about the potential effects of historical human activities in these areas, the absence of true almost pure CO 2 is emitted from several vents distributed within the Bossoleto basin (Kö rner & Miglietta 1994 ; van replication, and finding adequate control sites is difficult. In our study we replicated by including two separate Gardingen et al. 1995) . CO 2 emission is known to occur back to the beginning of this century (DeLaunay 1899), CO 2 springs 73 km apart, and their adjacent control sites. Control sites were similar to the spring sites in but possibly has a much longer history. The Laiatico spring is located at the north slope (20%) of a hill (Fig. 1) . vegetational composition, substrate, exposure and climate, except that CO 2 concentrations were about CO 2 emissions occur from a series of vents located along a narrow stream. These vents also emit almost pure CO 2 . 300 µmol mol -1 lower.
No published reports about this spring are available before 1975. Nevertheless, anecdotical evidence from
Material and methods
poeple living in the area suggests that the CO 2 spring is at least 100 years old.
Study sites
At the Bossoleto CO 2 spring, there are traces of hydrogen sulphide gas accompanying the CO 2 venting at the One CO 2 spring is located at Rapolano Terme near Siena (43°17ЈN 11°36ЈE, called the Bossoleto CO 2 spring) and surface. However, H 2 S concentration in the air very close to the vents are below the detection limit (Ͻ 0.001 µmol the second in the vicinity of the village Laiatico near Pisa (73 km NW of Rapolano). The Bossoleto spring is shaped mol -1 ) using gas-chromatography whereas CO 2 concentrations were around 5 mmol mol -1 (F. Miglietta, unpublike a circular bowl of about 100 m in diameter where 5.5(22-36) lished). Since H 2 S oxidation in the air may depend on portable infrared gas analysers and with 'absorptive weather conditions, concentrations do fluctuate over time diffusion tubes' (Draeger AG, Lü beck, Germany). Results being sometimes higher or lower than this. The vents of obtained using the two methods agree. Trees around the Laiatico also emit small amounts of H 2 S, being somewhat CO 2 springs were exposed to daytime CO 2 concentrations higher than in the Bossoleto spring but never exceeding of about 650 µmol mol -1 throughout the growing season 0.04 µmol mol -1 (Rennenberg et al. 1995) . H 2 S toxicity with short-term variations between 450 and 800 µmol was evaluated by biochemical analysis of plant tissue of mol -1 depending on windspeed and convective turbuthe H 2 S-sensitive soybean, which grew in another CO 2 lence. The variability of CO 2 concentrations was higher spring known to have the highest H 2 S concentration in at Laiatico than at Rapolano due to the occurence of more this region (Miglietta et al. 1993) . Since there was no pronounced spatial concentration gradients ( Fig. 1 ). CO 2 evidence of direct toxic effects of H 2 S (Miglietta et al. concentrations at different heights within the canopy 1993) and concentrations of H 2 S are by several orders of varied little at either location (F. Miglietta, unpublished) . magnitude lower in the CO 2 springs studied here, any This observation is also supported by 14 C data in tree negative effects of this gas can largely be excluded. No rings (see below). other pollutants were detected in the air of the degassing Wood samples from the 1968, 1975 and 1988 tree rings vents, which makes these sites particularly useful for taken from trees at all sites were analysed for ∆ 14 C (a CO 2 -research.
long-term integrated measure of the presence of 14 C Control sites were chosen as close to the CO 2 springs depleted CO 2 from geological sources in tree canopies, as possible (5 km in distance at Rapolano and 350 m in see also van Gardingen et al. 1995) . These data show that distance at Laiatico) and are similar in exposition and CO 2 concentrations at the CO 2 -enriched sites ranged from slope as the CO 2 -enriched sites (Table 1) . Soils, though 600 to 700 µmol mol -1 (calculated mixing ratios of CO 2 , calcareous at both locations, differed substantially in accounted for nuclear bomb effects) with no obvious structure and depth between Rapolano and Laiatico historic drift. Since tree canopies had different heights at (shallow rendzina vs. deep loam, respectively) but were these different tree ages, these data further confirm similar between control and CO 2 -enriched sites at each that there were no significant vertical trends in CO 2 location. Soil nutrient availability is similar between the concentration that are of relevance for this study. Hence control and the CO 2 -enriched site in Rapolano (A. Raschi, all three CO 2 detection methods indicate continual CO 2 unpublished) and in Laiatico (G. Fayez & N. van Breemen, enrichment of tree canopies at the two sampling sites. personal communication).
At both locations the forests at the control sites and at
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the CO 2 springs were similar in stature and species composition and had identical leaf area indices (Table  We selected reproductive Quercus ilex individuals with 1). All stands had closed canopies dominated by the single and erect stems, and with similar ranges in height evergreen oak species Quercus ilex, a climax species in and ages at all sites (Table 1) . We avoided sampling Mediterranean forests. Other tree species present at the multi-stemmed trees. This limited the number of trees sites are Quercus pubescens, Quercus cerris, Fraxinus ornus, included in our analysis (10 trees at Rapolano and five and Ostrya carpinifolia. Stands at both locations have been trees at Laiatico from both the CO 2 -enriched and the coppiced as is common in most Mediterranean forests control site) but ensured appropriate comparisons. Each ™ 40-50 years ago.
tree was cored at breast height (one core) with an increment borer (Ø 0.5 mm, And. Mattson, Mechaniska
CO 2 concentrations
AB, Mora, Sweden) in May 1994. Transverse radial strips were cut along the cores and the flat surface was polished. CO 2 concentrations have been measured at the two locations since 1991 (Rapolano) and 1993 (Laiatico) with Using a stereomicroscope and tree ring measuring equip-ment connected to a computer, we dated the tree rings region. In particular the amount and duration of spring precipitation determines the onset of drought-induced and measured ring widths starting with the 1993 tree ring going back to the pith. growth reductions. Indeed, we found a significant positive correlation of tree ring width with total precipitation Each individual tree ring chronology was fitted with a negative exponential function, which is the standard fit during the months of April and May (Fig. 2) . In years with low spring precipitation and thus rather narrow for the smoothing of age trends in ring width values (Schweingruber 1988) . The mean r 2 -values for these fits tree rings, elevated CO 2 tended to exert a relatively greater stimulating effect on tree ring growth (Fig. 3) . of the four sites were 0.09 Ϯ 0.04 (Rapolano, CO 2 -enriched), 0.1 Ϯ 0.06 (Rapolano, control), 0.06 Ϯ 0.04
Similarly, Oechel et al. (1995) found that whole shoot biomass production of Mediterranean shrubs in a con-(Laiatico, CO 2 -enriched) and 0.15 Ϯ 0.07 (Laiatico, control) and did not justify a de-trending procedure.
trolled CO 2 enrichment experiment responded more to elevated CO 2 (in relative terms) when plants were under Since there were also no other time-dependent trends within chronologies we did not filter ring width data drought. A greater relative stimulation by CO 2 when water availability is limited could be explained by before statistical analysis. It should be noted that ageaffected ring widths are only problematic when comreduced water consumption at the leaf level due to decreased stomatal conductance or by a reduced leaf area paring tree rings of very different ages, which was not the case in our study. It also needs to be emphasized that per unit tree biomass (leaf area ratio, LAR) compensated by a greater carbon fixation per unit leaf area. Decreased we used tree rings for growth analyses and not the classical dendrochronological approach where tree rings stomatal conductance at elevated CO 2 was measured during a period of relative low drought stress at Rapolano are utilized for climate reconstructions.
Tree ring chronologies from all sites were tested for (Chaves et al. 1995) , but this CO 2 effect disappeared during severe summer drought stress (Tognetti et al. autocorrelations (Spearman correlation coefficients) . To test the correlations between precipitation (data from the 1996). Nevertheless, water savings as a consequence of reduced stomatal conductance early in the season are nearby meteorological stations Monte S. Savino, 10 km from Rapolano, and Volterra, 20 km from Laiatico) and likely to delay soil desiccation and to prolong favourable growth conditions under elevated CO 2 . A reduction of ring width, analyses of co-variance (ANCOVA, CO 2 as factor and precipitation as co-variable) were performed.
LAR as it is indicated by a substantially lower leaf area of 6-year-old branch units in CO 2 -enriched trees Effects of CO 2 on tree ring width, as well as on basal area increment, were tested using 'repeated measures' compared to the control trees (Hättenschwiler et al. 1997) may be an additional mechanism for soil water savings analyses (n ϭ 2 locations). Effects of CO 2 on the total radial stem width over 30 years was also tested under elevated CO 2 . This conclusion is not supported by the rough electro-optical estimates of leaf area index using paired t-tests (n ϭ 2 locations). Tree age effects and effects of unfavourable growth conditions (when annual (LAI) showing no significant differences between the CO 2 -enriched and the control sites (Table 1) . However, rings were small) on potential CO 2 stimulation of ring width were tested using linear regression analyses.
rather small reductions of LAI at the CO 2 -enriched sites (not detected by the rough estimates) or small differences in the annual dynamics of leaf area development would
Results and discussion
significantly influence canopy transpiration and soil water depletion. To test these hypotheses more detailed At Rapolano and Laiatico the oldest trees cored dated back to 1954 and 1957 and the youngest to 1970 and information on canopy processes including annual time course of leaf area development and precise seasonal 1971, respectively. The mean of all tree ring chronologies at each location and site include the 30-year water budgets would be required. Tree ring width from 1964 to 1993 was significantly period between 1964 and 1993 (not less than eight or three individual chronologies between 1964 and 1971 at greater at the two CO 2 -enriched sites than at the two control sites (P ϭ 0.023, repeated measures analysis). Rapolano or Laiatico; Fig. 2 ). Tree ring width varied greatly from year to year, but the direction of the variation Total radial stem width over these 30 years was 12% greater at the enriched sites (36.4 Ϯ 0.4 mm) than at the at each location was similar at the control and enriched sites (97% and 86% similarity in phase at Rapolano and control sites (32.6 Ϯ 0.3 mm, P ϭ 0.008, n ϭ 2 locations, paired t-test). This translates into a 25% difference of Laiatico, Fig. 2) . year-to-year variation was independent of CO 2 concentrations and indicates that environmental mean stem basal area over the same period. A rough estimate of stem biomass responses (using mean tree drivers other than CO 2 level have dominated year-toyear changes in tree ring width over the past 30 years.
heights shown in Table 1 and assuming identical wood densities), yields a mean increase of about 33% at both Soil water availability during the growing season has a major influence on tree growth in this Mediterranean CO 2 -enriched sites over a total of 30 years. Such a Spring precipitation (data from nearby meteorological stations) significantly correlates with tree ring width (Rapolano P ϭ 0.004, Laiatico P ϭ 0.015, ANCOVA model, n ϭ 10 trees at Rapolano and n ϭ 5 trees at Laiatico, CO 2 as factor and rainfall as co-variant; the analysis for Laiatico was restricted to 14 years due to lacking precipitation data). Mean annual precipitation was 727 mm in Rapolano (1964-93) and 847 mm in Laiatico (1975-88) . stimulation of cumulative biomass production over 30 on tree age. The older the trees became, the less CO 2 stimulated the width of tree rings (Fig. 4) . The regression years of growth under almost twice current ambient CO 2 concentrations is surprisingly small in view of the equations shown in Fig. 4 indicate that no annual response to elevated CO 2 occurs once trees are older than 25-30 y potentially large effects of compounding interest (Norby et al. 1995) .
at either location. This means that the cumulative CO 2 effect on radial stem width was mainly due to responses When we grouped trees by age, we found that the CO 2 stimulation of tree ring width was largely dependent of trees when they were young. Once trees at the Fig. 4 Age dependency of the CO 2 effect on tree ring width in Quercus ilex. The relative difference of ring width between control and CO 2 -enriched sites is expressed as (enriched-control)/control. Points represent means for pairs of tree rings (control and enriched) of the same age (n ϭ 10 at Rapolano and n ϭ 5 at Laiatico). The difference in absolute age of trees of each pair were usually less than 3 years. Since trees had a range of 22-39 years in absolute age by the time of coring, age specific responses are not obvious in the chronologies presented in Fig. 2 . Linear regression equations, correlation coefficients (r 2 ) and the error probabilities of the regression slope (Pvalues) are shown for each of the two locations.
CO 2 -enriched site were larger in stem diameter than On a much shorter timescale, such a decline of CO 2 -induced growth enhancements has also been reported those at the control sites, identical tree ring widths (in Ͼ 25-30 y-old trees) necessarily resulted in greater for seedlings of temperate forest tree species growing for 3 years under elevated CO 2 (Bazzaz et al. 1993 ; Lee & basal area increment (for geometric reasons), and consequently, in greater annual stem biomass production Jarvis 1995). In Quercus alba, Norby et al. (1995) found an increased relative growth rate at elevated CO 2 only in trees at the enriched sites. Indeed, mean stem basal area in trees at the enriched sites was always greater during the first 3.5 months of their 4-y experiment and no persistent growth responses to CO 2 afterwards. than that at the control sites over the 30-y life of these trees (Fig. 5) . However, the relative annual CO 2 stimulation of Extrapolating from their 4-y data set, Norby et al. (1995) concluded that the residual effect of the early growth basal area increment decreased steadily from 80% when trees were 5 y old to 20% when trees were 30 y old stimulation would become less and less important in a developing forest stand, as we demonstrate here for the (mean of the two locations, Fig. 5 ). Hence, similar to the decreasing CO 2 stimulation of tree ring width with tree first time for natural forests. The declining CO 2 effect with tree age found by us may be a consequence of age (Fig. 4) , basal area increment also indicates that the relative CO 2 stimulation of biomass production in Quercus constraints by other environmental factors (water and nutrient availability). The annual production of wood ilex trees decreases with tree age. Thus, it appears that the CO 2 effect may disappear within one or two additional per unit leaf area -recently defined as canopy productivity index (CPI) by Norby (1996) -nevertheless, may decades (Q. ilex can reach several hundred years in age). Trees from the CO 2 -enriched sites attained the same stem basal area three years earlier (at age 26 y) than trees from the control sites (thus 29 years old) at either location. The CO 2 effect was statistically significant when tested with 'repeated measures analysis' (P ϭ 0.032, n ϭ 2 locations). Stem basal area at age 30 was not statistically different between control and CO 2 -enriched sites (P ϭ 0.14, paired t-test, n ϭ 2 locations). remain higher at elevated CO 2 in the future, because the growth (Wong et al. 1992; Bazzaz & Miao 1993; Kö rner 1995) . Coppicing may have facilitated a greater CO 2 same annual stem biomass production is maintained with less leaf area relative to trees grown under ambient CO 2 response than might have occurred in a fully natural regrowth situation. as it was observed in experiments with model tree communities (Norby et al. 1992; Hättenschwiler & Kö rner 1996) . On the other hand, the forest stands in which our Conclusions trees were located were coppiced 40-50 y ago, so competition for light and nutrients may have been relatively lower
The results of this long-term natural experiment indicate that global atmospheric CO 2 concentrations of 650 µmol during the early stages of forest regeneration than it was in later stages. Thus, trees at enriched sites may have been mol -1 , predicted to occur within the second half of the next century, can significantly increase radial stem better able to utilize the greater amounts of CO 2 supplied by the springs when they were young. It is well known increment, and hence stem biomass production of forest trees in the very early stage of regrowth. This CO 2 that availability of nutrients, water, and light can co-determine the extent to which elevated CO 2 stimulates plant stimulation, however, declines with tree age. This age Bazzaz FA, Miao SL (1993) to larger scales (Amthor 1995).
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